ABSTRACT This research presents a precise evaluation of the recession of monsoonal maritime glaciers at Mt. Dagu, based on multi-source remote-sensing data of an aerial topographic map from 1966 and Landsat MSS, TM, ETM+, and OLI data from 1975 to 2017 for six sub-regions of the glacier covering 1.747±0.068 km 2 at present. The results show that: first, the area of glacier exhibits an exponentially decreasing trend and retreated as much as 5.094 ± 0.301 km 2 during 1975-2017, with a shrinkage rate of 0.120 ± 0.004 km 2 a −1 . Second, the highest area shrinkage rates of glaciers are in the north, northwest, southwest, and south aspects. The largest retreat altitude of the glacier terminus is in the southwest aspect of region 2. Of which, the absolute retreat elevation is 303 m (from 4587 to 4890 m a.s.l.), at a mean rate of 7.2 m a −1 . Third, the temperature has increased at a rate of 0.02754 • C a −1 (R 2 = 0.6132, p < 0.05) by a total of 0.9 • C (1961-2017), more higher than the region's average increase. However, there is no significant increasing precipitation trend. The warm-dry trend is aggravated and this is the main reason for the glacier recession. Finally, the accelerated retreat presents a severe challenge to the sustainability of the glaciers and glacier-oriented tourism. Active intervention to maintain the glacier should be urgently considered.
I. INTRODUCTION
Contemporary global warming has received worldwide attention and has induced global hydro-ecological changes worldwide. The temperature increase trend of the whole Qinghai-Tibetan Plateau (QTP) is more robust and significant than in its surroundings, especially in recent decades [1] - [4] . Meteorological station records show a temperature increase rate of the QTP of 0.03−0.04 • C a −1 , which is double the global average, during 1960-2012 [4] , [5] . The warming trend is more significant in winter than in the other seasons [6] . Several studies have demonstrated that surface climate changes at high elevations show more pronounced warming trends than those of low-altitude areas, i.e. an elevation dependency of climatic warming [2] , [4] , [6] , [7] . The high-elevation areas are considered to be the most The associate editor coordinating the review of this manuscript and approving it for publication was Yi Zhang. sensitive and vulnerable in the world. Forecasted temperature is increasing continually, with an accelerating trend in the coming decades [6] , [8] . Glaciers, which are a critical dynamic water resource of the cryosphere, are changing under the global climatic change regime. Glacier recession as a result of global warming has received worldwide attention and is a hot spot for global warming. Due to the important role of monsoonal air mass in the water cycle of maritime glaciers, and the southeast of the QTP is the transition zone between monsoonal temperate glaciers and continental glaciers, it is a key area for the study of climate change and glacier dynamics in the southeast of the QTP [9] , [10] . Glaciers in the QTP play the role of long-term water storage and are the source of the major rivers of South and Southeast Asia [11] , [12] . The melting and recession of glaciers not only influences the runoff of these rivers, but also the dynamics of glacier lakes at the termini. In recent decades, many technologies, e.g., field inventory, aerial geodetic topographic maps and ground stereogram technologies, optical and gravity satellite remote sensing, have been applied to monitor the advance/recession, change of area, mass balance and water storage of glaciers [13] - [15] .
The inventory of contemporary Chinese glaciers began in the mid-1990s. In 1958, an alpine glaciological and meteorological inventory team of the Chinese Academy of Sciences (CAS) launched a glacier investigation in the regions of the Qilian mountains, Shisha Pangma and the Hengduan mountains. In 1975, aerial photography and ground stereogram technologies were widely applied in glacier inventory, and the survey accuracy had improved significantly. Based on these, the first Chinese glacier inventory was achieved by the late 1970s [16] . Optical remote-sensing data were used to complete the second Chinese glacier inventory in 2014 [14] . This was a milestone in glacier monitoring in China because it enabled the long-term examination of glacier dynamics in China to be achieved. However, the archives of glaciers in the QTP are very scarce. Many researches are based on aerial photography, topographic maps, archive documents and field inventories in the QTP. Only short-term changes can be analyzed by comparing field inventories. On the QTP, recent studies reveal a trend of accelerating retreat since the 1990s [3] , [17] , [18] . However, the trends differ drastically from place to place [3] , [17] , [19] - [22] . By analyzing multitemporal optical remote-sensing images, Scherler et al. [23] found that during 2000-08, of the 286 glaciers in the Hindu Kush-Himalaya (HKH) regions, more than half were in an advancing or stagnant state.
However, more than 65% of monsoon-dominated glaciers in the Himalayas were shrinking. Yao et al. [17] reviewed the changes of 82 glaciers in the QTP and its surroundings and found that 55 of them were shrinking and 27 were in a stagnant or advancing state. Shrinkage rates were greatest in the southeast QTP, followed by the Nyainqentanglha Range and the Himalayas. However, some glaciers in the Pamir Plateau, Karakoram and Western Kunlun Mountains were advancing or in a stable state. On the whole, glaciers in most parts of the QTP and its surroundings are melting, thinning and shrinking. Retreat trends are greatest in the Himalayas and the southeast QTP [3] , [17] , [18] , [24] , [25] . In the light of the literature, numerous studies using remotesensing techniques focus on glaciers in the Tien Shan, the Karakoram, the Nyainqentanglha Range and the northern slopes of the Himalayas and Qilian mountains. However, far too little attention has been paid to such researches on the Asian monsoonal maritime glaciers of China [10] . This paper takes the monsoonal maritime glaciers at Mt. Dagu in the east QTP of China as the research area. Our main purpose is to complement and extend our understanding of the glacier variation dominated by the monsoonal maritime climate regime. We firstly present spatial patterns of change in glaciers by analyzing the variability based on topographic maps, DEM and satellite images (e.g. Landsat MSS, TM, ETM+, OLI) for the period 1966-2017. Secondly, the climatic factors behind the changes of the glaciers are analyzed. This is fundamental work for further understanding the changes of the mass balance and water storage of the glaciers at Mt. Dagu.
II. STUDY AREA
Dagu mountain (32 • 05' N, 102 • 53' E) is located in Luhua town, Heishui county, Aba prefecture, Sichuan province, China (Fig. 1) . It is in the alpine valley of the east QTP and about 30 km from the county town, adjacent to the Sichuan Basin. The elevation of the study area ranges from 3800 to 5200 m a.s.l., with an average of 4045 m a.s.l. From the topography, the northwest is relatively higher than the southeast. The topographic relief is much higher and most of the mountain slopes are • . There are a series of glaciers mainly on the north and south slopes with lengths of 60-200 m. The geological inventory demonstrates that these were large flattopped ice-cap glaciers during the Quaternary glaciation age dating back to about 3 million years ago [26] , [27] . The contemporary glaciers at Mt. Dagu are only a very small part of the glacier area at the time of the ice-cap melting [9] , [26] . It is also the lowest-altitude, largest-area and youngest monsoonal maritime glacier in China [9] , [10] , [16] , [26] . The climate is dominated by the South Asian summer monsoon and the westerly circulation in the winter [17] , [28] . The annual mean precipitation in recent years is about 800-1200 mm and mainly concentrated in summer. The annual mean temperature is 4.4 • C, the average air temperature in January is −5.3 • C and in July is 12.8 • C [29] . The CAS investigation in August 2001 found that there were 13 modern glaciers in this region, with a total area of 4.56 km 2 and volume of about 0.1389 km 3 [26] . The three most spectacular glaciers on the northeast slope have been developed as tourist destinations and attract hundreds of thousands of people each year (Fig. 1 ). There are cableways from the bottom of the valley to the glaciers and tourism facilities. From June 1935 to August 1936, the Chinese Workers and Peasants Red Army entered Heishui county three times and the famous ''Luhua Conference'' was held in the county. The conference has made Dagu mountain an important landmark in the Chinese civil revolution and it is famous throughout the world as a glacier-oriented tourism destination. The glaciers are heavily influenced by clouds in the summer rainy season, although there is little influence of snow in this period. Therefore, a window season with least cloud and snow cover is the most appropriate. We determined that the best period is between late September and early November. The remote sensing datasets in this paper are shown in Table 1 .
III. MATERIALS AND METHODS

B. METEOROLOGICAL DATA AND DEM
The meteorological data was provided by the National Climate Center of China Meteorological Administration (http://data.cma.cn). As the period of the weather station on the glaciers is only a few years and is inadequate for longterm trend analysis, the nearest weather station adjacent to the glaciers, Songpan meteorological station (No. 56182, 89 km to the glaciers at Mt. Dagu, Fig. 6 ), was analyzed. The long-term reanalyzed assimilation data CRU TS 4.01 (http://catalogue.ceda.ac.uk/intro) from the Centre for Environmental Data Analysis (CEDA), produced by Climatic Research Unit (CRU) at the University of East Anglia, have also been used for trend analysis. The gridded datasets cover monthly mean temperature, precipitation, maximum and minimum temperature, etc. from January 1901 to December 2016, with spatial resolution of 0. deviation or higher were removed and the errors were controlled in 1 m standard deviation. Secondly, the aerial topographic image was projected with WGS84 UTM projection with the same geographic coordinate systems as Landsat images. The outlines of the glaciers were eventually extracted. For multi-band remote-sensing images, the spectral-band ratio method has proved to be a simple, highly efficient, robust and accurate technique to extract glacier outlines [13] , [31] - [33] . The slight differences in the spectral features of the objects are enhanced, which helps to distinguish the types of objects. The method avoids problems of sensor saturation and shadowed areas, and discriminates debris-mantled ice and ice-marginal water bodies [13] . We used Landsat spectral bands to calculate the band ratio (Equation 1):
where n is the band number of the Red spectral To eliminate snow-cover influences, the normalized difference snow index (NDSI) is used to distinguish the snow zones (Equation 2):
where n is the band number of the visible spectral band, and m is the band number of the near-infrared spectral band, e.g., Band 2 and Band 5 in TM/ETM+, Band 3 and Band 6 in OLI. This is based on the difference between the strong reflection of visible radiation and the near-total absorption of shortwave infrared wavelengths by snow [34] . The NDSI has been effective in distinguishing snow from similarly bright soil, vegetation and rock, as well as from clouds in Landsat imagery [33] . Although the spectral-band ratio method could quickly extract glacier outlines, however, it needs several attempts to determine the threshold of ratio. Inappropriate thresholds will cause misclassification between glacier, bare land and water body. On-screen digitizing by manual delineation of glacier ice is time-consuming and labor-intensive, however, it could make up for the shortcomings of spectralband ratio method. It is still widely used in combination with supervised classification techniques, especially when the analyst is knowledgeable about the glaciers [22] , [32] , [34] . The DEM is employed to eliminate the effects of perspective distortion and to reduce the topographic effect of remotely sensed data [35] , [36] . Combining the above-mentioned methods, the outline of the glacier can be distinguished from other objects by spectral band-algebraic operation. To make the classification more accurate, however, manual corrections are also required, and glaciological and field survey knowledge is applied to the glacier interpretation. The accuracy of the glacier mapping was 0.001 km 2 . For precise determination of debris cover we also used GPS field data collected in most glaciated areas during 2005-17. Thus the error associated with debris-covered glaciers was considered to be negligible. In terms of accuracy verification, Pfeffer et al. suggested the glacier area error was mostly inversely proportional to the length of the glacier margin [37] . We estimate this error term based on a buffer for each glacier similar to the method suggested by Granshaw and Fountain [38] , Bolch et al. [39] and Tielidze [36] with a buffer size 15 m (half of the image pixel size) for all aerial images and maps, based on the 30 m image pixel size, and map uncertainty in the absence of stated historical accuracies. The error is estimated by:
Of which, Uncertainty (%) is the area error determined for each glacier, buffer is the area of an outline buffer around each glacier, glacier is the area of the glacier.
The whole processing of glacier extraction is illustrated as Fig. 2 .
IV. RESULTS
A. AREA CHANGES
The area of glacier/ice cover at Mt. Dagu was found to be exaggerated, especially in north sub-region 1. The most likely reason is that the snow cover had not been eliminated from Table 2) .
The variations of the glaciers in each sub-region are summarized in Table 2 . All the 6 regions have decreased drastically during the last 51 years, suggesting the glaciers in each of the regions are retreating and shrinking. The most drastically shrunk region is region 1 in the north of the mountain, with an area shrinkage of 1.623±0.066 km 2 , followed by regions 3 and 2. To examine in detail the recession trend of each region, a time series analysis was applied in each region. All the sub-regions show a robust exponentially decreasing trend (Fig. 4) . The exponential decrease in region 1 is the most significant of all (R 2 = 0.98, p < 0.05). Except for the outliers in 1966, all the areas in the typical years demonstrate a step-by-step decreasing trend. The exponential decrease of the glacier area shows that the glaciers at Mt. Dagu have experienced a drastic melting and mass loss process in recent decades. Regional regression analyses show that the change magnitudes before the 1990s are more prominent than in the last two decades and account for more than half of the shrunken area. The results show that there has been a tendency to disappear in recent decades. The retreats are towards the ridges of the mountains. With the mountain top-toward retreating, glacier area is decreasing and fragmentation is increasing. These two trends will increase the risk and vulnerability of the glaciers in a forecasted warmer and drier environment. Accelerated ice melting and mass loss have exacerbated the recession of the glaciers at Mt. Dagu. According to the predicted scenarios of the regression analyses, the glacier will continue melting and ablating in the coming decades. There are six sub-regions of the glacier, and the total area is only 1.747±0.068 km 2 at the end of 2017. The areas of regions 2-5 are relatively larger and spatially concentrated; however, all the areas of glaciers in each of the sub-regions are smaller than 1 km 2 . The glacier area in region 6 is only 0.137±0.008 km 2 at present. Generally, the small-scale glacier is more sensitive and vulnerable to climate change impacts than the large-scale. Enhanced fragmentation will exacerbate and accelerate the rapid melting and ablation of the glaciers. It will gradually disappear in the near predictable future.
B. GLACIER VARIATIONS AND ASPECT
Local topographic condition is also a factor in determining the percentage area reduction. To depict the spatial characteristics of glacier variation, the topographic features were taken into account. Based on the DEM, the aspect and slope of the glaciers were extracted. The glaciers are mainly distributed in the four aspects southwest, south, east and northeast. They account for more than 80% of the total area (Fig. 5) . Statistical results show that most parts of the glaciers are distributed on the slopes between 22 • and 43 • , and the mean elevation of this range is 4800-5300 m a.s.l. Under the South Asian monsoon regime, the warm and humid air current climbs along with the slopes, and the precipitation often falls as rain on the lower altitude slopes of the glaciers in summer. This is unfavorable for the development of glaciers, but newly fallen fresh snow on the higher altitude slopes can enhance snow/ice albedo, thus leading to positive glacier mass balances. Therefore, the areas under the ridge of the mountain with higher altitudes and lower temperatures are the snow accumulation areas. When the glacier moves down to lower altitudes near snowlines or equilibrium line altitudes (ELA), the temperature increases and melting occurs accordingly.
Our ELA statistical results demonstrate that the mean range of ELA of the glaciers at Mt. Dagu is 4400-4700 m a.s.l., higher than the mean ELA of maritime glaciers in China [9] . The magnitudes of glaciers in each sub-region are relatively small under the control of terrain. Glacier tongues are very short, and they could not extend to lower valleys to form large-scale glaciers before melting. Figure 5 illustrates the ratios of retreat areas to total areas in each aspect during 1975-2017. Based on the statistics, the highest retreat rates are in the aspects north, northwest, southwest and south. The glaciers in aspects east, northeast and southeast have the smallest recessions. Elevation statistics VOLUME 7, 2019 demonstrate that the retreat altitude of the glacier terminus is in the southwest aspect of region 2. The absolute retreat altitude is 303 m (from 4587 to 4890 m a.s.l.) and the mean retreat rate is 7.2 m a −1 . The second largest retreat altitude is in the east aspect of region 3, with an absolute retreat altitude of 183 m (from 4762 to 4945 m a.s.l.); the mean ablation rate is 4.4 m a −1 . These characteristics of the variations are highly related to local topographic conditions and regional meteorological circulation. Further studies combining detailed local meteorological factors (e.g. radiation, albedo, cloud cover, wind speed, wind direction, slope wind) are urgently needed to examine the variation factors.
V. DISCUSSION A. COMPARISON WITH OTHER STUDIES
Previous studies and reports of changes of the glaciers at Mt. Dagu are very rare. Although the glaciers are close to big city Chengdu and relatively convenient to visit, it is a very small-scale monsoonal maritime glacier compared with other glaciers of China. In the literature, studies are mainly focused on large and medium-scale glaciers, especially in the Hindu Kush-Himalayas (HKH) [40] , [41] , Nyainqentanglha Range [20] , [42] , Hengduan Mountains [9] , [43] - [45] , the Kunlun Mountains [46] , [47] and the Tien Shan [19] , [48] , [49] . The only report of the glaciers at Mt. Dagu is the CAS inventory report in 2001 [26] . In our analysis, the delineated area of the glaciers is 10.902±0.349 km 2 based on the 1966 aerial map. Time series analysis shows that in region 1 the glacier area was much larger in the 1960s; however, in regions 2, 4, 5 and 6, the areas were much smaller in the data series (Fig. 4) . We consider the data of 1966 were outliers in the regression analyses, suggesting that there were some misclassifications and that the mapping was influenced by cloud or snow cover. However, given the lack of historical in situ observations or aerial/satellite images, it is not possible to examine the accuracy of the map. In the CAS report, the area of the glaciers was 4.56 km 2 in 2001, much larger than that of 2.091±0.077 km 2 in 2000 in our results. The Landsat ETM+ cloud-free image used in this paper is the scene of 12 August 2000 (Fig. 3) . There was no influence of cloud, and snow cover was at a minimum in the summer of that year. Many studies have examined the coherence and quality of the Landsat MSS/TM and ETM+ scenes, as Landsat series missions provide historical data back to the mid1970s [14] , [21] , [30] , [31] , [36] , [42] , [46] . Since the detailed inventory techniques have not been disclosed, the result in the CAS report should be used with caution and requires further examination and checking.
Our results demonstrate that the glacier has undergone accelerating ablation and shrinkage during the last 51 years (1966-2017). It exhibits an exponentially decreasing tendency. The absolute decrease in area is 5.094±0.301 km 2 during 1975−2017 and the shrinkage rate is 0.120±0.004 km 2 a −1 . The present remaining area of the glacier is only 1.747±0.068 km 2 . This retreat tendency is consistent with the trends of monsoonal maritime glaciers of southwest China in previous studies [9] , [44] , [50] , [51] . Yang and others found the mass balance of Parlang Zangbo river basin was negative, and retreats of small-scale glaciers were more significant than those of large-scale glaciers [51] , [52] . With regard to ELA, all glacier margins had retreated, and ELA changes in the eastern Nyainqêntanglha Range were negative [50] . Zhang et al. [45] reported the same trend for Hailuogou glacier, Gongga Mountains; the mean ablation rate of the ELA over 43 years (1966-2009) Mass balance records show a sustained mass loss of snow and ice in the period 1959/60-2003/04, with an accumulated mass balance of −10.83 m w.e. [44] . Although there are no direct studies of the glaciers at Mt. Dagu, changes in the neighboring monsoonal maritime glaciers of southwest China could facilitate comparable studies under the same climate regime. However, given the different topographic and glacier physical conditions (e.g. debris and black carbon-cover effects), the reasons for the differences should be carefully examined.
B. VARIATIONS AND CLIMATE CHANGE
High-altitude glaciers, especially at the ''third pole'', with its high vulnerability to climate change, are the most sensitive and representative cryospheric indicator. The rapid ablation and shrinkage of the glaciers indicate it has undergone drastic environmental changes. At present, global warming is accelerating and a continual temperature increase is forecasted [1] . To examine the reasons for the recession of the glaciers, we have analyzed meteorological station records of the last few decades and the reanalyzed assimilation data. As there is no long-term meteorological station on the glaciers at Mt. Dagu, the nearest-neighbor weather station is considered. Temperature trend analysis shows that the glaciers have undergone robust warming from the establishment of the station up to the present (Fig. 6) . The annual mean temperature has increased rapidly since the 1960s and the trend is robustly increasing in recent decades. The annual mean temperature increase rate is 0.0275 • C a −1 (R 2 = 0.6132, p < 0.05), very close to the average increase rate 0.0318 • C a −1 for the whole QTP [4] . However, there is no significant statistical trend of precipitation for the glaciers. The linear regression trend of precipitation is −0.1278 mm a −1 (R 2 = 0.0007, p < 0.1).
The trend shows a slight decrease but has not passed the t-test. Compared with other reports, the result is clearly highly related to the randomness and uncertainty of precipitation in the high-altitude mountains on the QTP [53] , [54] . Due to the limited spatial representativeness of the meteorological data, we take the gridded 0. From the spatial mean temperature change map (Fig. 7a) , we see that the whole region of Sichuan and Chongqing underwent robust warming from 1961 to 2017. The temperature increase range in this region is 0.4−1.2 • C. The most significant temperature increases occur in the highelevation regions, i.e. southwest Sichuan on the QTP and the northeast mountainous areas adjacent to Gansu and Shaanxi. The temperature of the glaciers and their adjacent areas has increased 0.9 • C during the last 56 years. On the whole, this is much higher than the region's average increase. A slight decrease has been found in the precipitation increase map (Fig. 7b) . Precipitation increase areas are mainly distributed in Chengdu Basin and Chongqing; however, in the south of Sichuan, precipitation has decreased about 7 mm to 10 mm. Trend analyses have revealed the climatic conditions of the glaciers at Mt. Dagu tend towards a warmer, drier environment. With accelerated warming, the warm-dry tendency is aggravated and the trend is continuing in the forthcoming decades. Our multi-source remote-sensing monitoring results show that the glaciers are undergoing a process of fragmentation and rapid recession. The warm-dry climatic trend will aggravate the tendency and is a great risk and challenge for the sustainability of the glaciers.
C. GLACIER TOURISM RISK AND SUSTAINABILITY
The glaciers at Mt. Dagu are convenient to visit and have developed rapidly as a tourist destination in recent years. VOLUME 7, 2019 The distance from Chengdu, the largest city in southwest China, is only 294 km, about 5 hours' drive. As the nearest maritime glacier attraction adjacent to Chengdu, the glaciers at Mt. Dagu have many advantages for glacier-oriented tourism. According to statistics of the Bureau of the glaciers at Dagu Mountains, the number of tourists increased from 6000 in 2010 to 138 600 in 2017, a 23.1-fold increase. However, with accelerated global warming, the glaciers at Mt. Dagu have shrunk quickly during recent decades. The decrease trend is continuing and, under warm-dry climate conditions in the coming decades, the fragmentation and ablation are accelerating. It can be predicted that it will melt catastrophically and even disappear in the coming decades. This is a great challenge to the sustainability of the glaciers and glacier-oriented tourism. However, there is very limited knowledge available to prevent the shrinking of the glaciers. Some influencing factors (e.g. the regimes of South Asian monsoonal circulation, the interactions of surface temperature and latent heat, the mechanisms of evaporation and ice ablation) are particularly critical in halting the accelerated ablation of the glacier. Furthermore, the anthropogenic impacts on the sustainability of the glaciers at Mt. Dagu cannot be ignored. Some active interventions (e.g., artificial snowmaking, artificial rainfall engineering) to protect the glacier should be urgently considered.
VI. CONCLUSION
Taking the monsoonal maritime glaciers at Mt. Dagu, east QTP, as the research area, we have used the archive document map and multi-source remote-sensing data to analyze the area changes of the glacier during 1966-2017. The climate changes in this region have been examined. Our conclusions are:
(1) The glaciers underwent drastic ablation and shrinkage during the last 51 years (1966-2017). They exhibit exponentially decreasing trends. The absolute decrease in area was 5.094±0.301 km 2 during 1975-2017 and the shrinkage rate was 0.120±0.004 km 2 a −1 . The present remaining area of the glacier is only 1.747±0.068 km 2 .
(2) The highest shrinkage rates of glaciers occur in the north, northwest, southwest and south aspects. The most retreat altitude of the glacier terminus is in the southwest aspect of region 2. Of which, the absolute retreat elevation is 303 m (from 4587 to 4890 m a.s.l.) and the mean retreat rate is 7.2 m a −1 .
(3) The glaciers have undergone robust climatic warming during the monitoring period. The annual mean temperature increase rate was 0.0275 • C a −1 (R 2 = 0.6132, p < 0.05). The temperature of the glaciers and their adjacent areas has increased by 0.9 • C during the last 56 years (1961−2017). On the whole, this is much higher than the region's average increase.
(4) Accelerated melting and shrinking will jeopardize the sustainability of the glaciers at Mt. Dagu and glacier-oriented tourism. Some active interventions to protect the glacier should be urgently considered.
